Aim: (a) To determine the spatial distributions and levels of major and minor elements, as well as heavy metals, in water, sediment, and biota (plant and fish) in Al-Hammar Marsh, southern Iraq, and ultimately to supply more comprehensive information for policy-makers to manage the contaminants input into the marsh so that their concentrations do not reach toxic levels. (b) to characterize the seasonal changes in the marsh surface water quality. (c) to address the potential environmental risk of these elements by comparison with the historical levels and global quality guidelines (i.e., World Health Organization (WHO) standard limits). (d) to define the sources of these elements (i.e., natural and/or anthropogenic) using combined multivariate statistical techniques such as Principal Component Analysis (PCA) and Agglomerative Hierarchical Cluster Analysis (AHCA) along with pollution analysis (i.e., enrichment factor analysis) Methods: Water, sediment, plant, and fish samples were collected from the marsh, and analyzed for major and minor ions, as well as heavy metals, and then compared to historical levels and global quality guidelines (WHO guidelines). Then, multivariate statistical techniques, such as PCA and AHCA, were used to determine the element sourcing. Results: Water analyses revealed unacceptable values for almost all physiochemical and biological properties, according to WHO standard limits for drinking water. Almost all major ions and heavy metal concentrations in water showed a distinct decreasing trend at the marsh outlet station compared to other stations. In general, major and minor ions, as well as heavy metals exhibit higher concentrations in winter than in summer. Sediment analyses using multivariate statistical techniques revealed that Mg, Fe, S, P, V, Zn, As, Se, Mo, Co, Ni, Cu, Sr, Br, Cd, Ca, N, Mn, Cr, and Pb were derived from anthropogenic sources, while Al, Si, Ti, K, and Zr were primarily derived from natural sources. Enrichment factor analysis gave results compatible with multivariate statistical techniques findings.
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Sediments sampling
Seventeen samples from Al-Hammar Marsh sediments were collected during the winter season (Table 1 and Fig. 1 ).
Plants and fish sampling
Twelve different plant samples of Phragmites australis (P2, P7, P8), Typha domingensis (P3, P4, P9), Schoenoplectus litoralis (P1, P6, P10), and Ceratophyllum demersum (P2, P5, P7) species were gathered from Al-Hammar Marsh from ten sampling stations (Table 1 ). The parts sampled from the plants were stems and leaves.
Fifteen fish samples from three fish species of Liza abu (F1, F3, F4, F5, F8),
Tilapia zilli (F1, F2, F3, F5, F8), and Carassius carassius (F3, F4, F5, F8, F9) were gathered from seven sampling stations in the Al-Hammar Marsh (Table 1 ).
Sample analyses
Water depth, turbidity, Electrical Conductivity (EC), and Dissolved Oxygen (DO) of marsh water was measured in the field with a portable multimeter, which was previously calibrated, while the other physical and chemical characteristics of the water samples were analyzed in the lab according to the methods of the American Public Health Association (APHA) [13] . The gravimetric method [14] , five −day Biological Oxygen Demand (BOD) test [15] , and Colorimetric method [16] were used to determine Total Dissolved Solids (TDS), BOD, and NO 2 − , respectively.
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, and Total Hardness (TH) were determined using Ethylenediaminetetraacetic acid (EDTA) method. Flame Photometry method was used to determine Na + and K + ions [17] . HCO 3 − was determined via titration method using indicator titrated with HCl. SO 4 2− was determined via the Turbidimetric method [18] . C1 − was determined via Silver Nitrate method [19] . NO 3 − was determined via Ultraviolet Spectrophotometry method [20] . PO 4 3− was determined via Ascorbic Acid method using a spectrophotometer.
Heavy metals in water samples were sent to the ALS Laboratory Group in north
Vancouver, Canada to be analyzed by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) type Agilent device. The samples were analyzed directly on the device without dilution and the result was corrected for any spectral interferences. Organic Matter percentage (OM%) in the sediment samples was determined by reducing the potassium dichromate (K 2 CrO 7 ) by OC compound and subsequent determination of the unreduced dichromate by oxidation-reduction titration with ferrous ammonium sulfate [21] . Then, OM% was converted to percent total organic carbon (TOC%). Traditionally, for soils, a conversion factor of 1.724 is used to convert organic matter to organic carbon based on the assumption that organic matter contains 58% organic carbon (i.e., g organic matter/
1.724 = g organic carbon) [22] .
Concentrations of major and minor ions, as well as heavy metals, for thirteen sediment samples were measured using Bench XRF Spectrometer/SPECTRO XEPOS-2006 device at the Iraqi-German Laboratory at the University of Baghdad.
Samples were seived in a 2 mm seive, then powdered to 0.063 μm, and 5.0 g of each sample was used to determine the element concentrations.
Ten of heavy metals (Hg, Co, Cr, Cu, Cd, Pb, Fe, Ni, Mn, and Zn) were measured in plant and fish tissues. Dry tissue of plant and fish samples (in triplicate, each 0.2 g) were put into digestion flasks with 5 ml nitric acid (Merck) and 2 ml perchloric acid, and then heated at 90°C until all the materials were dissolved. After digestion, the samples were diluted with deionized water to a volume of 10 ml and then filtered. The resulting solutions were analyzed using flame atomic absorption spectrophotometer [23] .
JMP 8.0 (SAS System) to determine the sources of major, minor, and heavy metals in sediment samples from Al-Hammar Marsh.
Pollution analysis
Pollution indices, such as Enrichment Factor (EF), are powerful tools for processing, analyzing, and conveying raw environmental information to decision makers, managers, technicians, and the public [24] .
The formula to calculate EF is:
Where C x is the measured concentration of the examined metal in the sediment sample (mg/kg), and C y is concentration of immobile element in the sample (zirconium here), and (C x /C y ) RS is the concentration of element X to immobile element ratio in the selected reference sample [25] .
In order to evaluate whether the content of a chemical element in the sediment is derived from natural or anthropogenic sources, the EF was calculated for all studied sediment samples using zirconium as the reference element. The EF is the relative abundance of a chemical element in a sediment sample compared to the bedrock. Zirconium is generally considered to mainly originate from natural lithogenic sources (rock weathering of mineral zircon), and has no significant anthropogenic source. Total elemental concentrations (ppm) in the world soil, according to [26] (Table 2) , are considered to calculate EF. An EF < 2 shows deficiency to low enrichment and can be considered in the range of natural variability. 2 < EF < 5 shows low enrichment (i.e., some enrichment caused by anthropogenic input). 5 < EF < 20 is a clear indication of human influence (significant enrichment caused by anthropogenic inputs). An EF 20 to 40 represents very high enrichment and an EF > 40 represents extremely high enrichment [27, 28] .
3. Results and discussion
Water analysis
High turbidity values that exceed WHO standard limits for drinking water [29] ( Table 3 ) observed in the current study due to the high turbidity of Al-Hammar
Marsh feeders (e.g., Euphrates River), as these water supplies carry large quantities of clay, silt, plankton and other microscopic organisms [30] . All TDS and TH values in water samples were considered unacceptable according to WHO standard limits for drinking water [29] ( [26] .
** Background mean values of trace elements in Mesopotamia soil and sediments according to [42] .
Article No~e00256 decrease in summer, which is due to the poor ability of water to hold oxygen at high temperatures, as a result of higher rates of microbial metabolism [31, 32] ( Table 3) . On the other hand, BOD levels were found to be higher in summer than in winter (Table 3 ). This inverse relation between DO and BOD is expected, as high BOD levels indicate high levels of organic contaminants in water, and the microbes are working intensely to break it down, consequently consuming more oxygen and resulting in low DO levels in water [33] . All concentrations of Ca 2+ for both seasons were beyond acceptable levels [29] , excluding St 2 , St 6 , St 13 , and St 9 for the summer season, which were within limits ( Table 4 . Ions concentrations (mg/l) in Al-Hammar Marsh water for two sampling seasons for current study, mean concentrations of these ions for a previous study by [35] , and [29] standard limits. summer season, which were within the allowable limits ( [34] .
Comparison between the results from the current study and the study of [35] and [29] standard limits showed a considerable increase in concentrations of major ions ( (Table 5 ). Analyses also revealed that all heavy metals in the current study showed an increase in concentrations at station St 1 (marsh inlet), while nearly all these metals exhibited a distinct decrease in their concentrations at St 8 (marsh outlet), indicating that the marsh works as a filtering sink for metals (Table 5 ).
In general major and minor ions, as well as heavy metals exhibit higher concentrations in winter than in summer (Tables 4, 5 ). Such increasing pattern in ion concentrations at most stations in the winter season was due to runoff from washing of the surrounding Sabkha during flooding by rainstorms. Additionally, the Iraqi Ministry of Water Resource orchestrates a systematic release of water into the marsh, which is usually low in winter and high in summer, resulting in increased dilution in summer and thus lower solute concentrations.
Article No~e00256 Bold values represent concentrations that exceed MCL.
Article No~e00256
Sediment analysis
Chemical analysis
Analysis results of pH showed that all sediment samples from Al-Hammar Marsh were alkaline. This is due to the high content of calcium and magnesium carbonates. In the current study, TOC% in marsh sediments is <5%, which is concordant with [41] , who assumed that TOC% of <5% is mainly restricted to brackish-water lakes and marshes. Low TOC levels in this study were due to the high salinity of marsh water.
The mean concentrations of elements in Al-Hammar Marsh sediments were compared with the natural occurrences of trace elements in world soil ( Table 2 ).
Compared to [26] , Al-Hammar Marsh sediments, in general, have higher mean concentrations of Ca, Mg, S, P, Cl, Sr, Cr, Ni, Zn, N, Br, Cu, Mo, and Co (Table 2) .
Furthermore, elements in Al-Hammar Marsh sediments were compared with the mean value of their natural abundance in Iraqi soil, according to [42] . The mean concentrations of Cr, Ni, V, Zn, Cu, and Pb in this study exceeded the mean concentrations of their background values reported by [42] ( Table 2) .
Applications of fertilizers, such as Nitrogen-Phosphorus-Potassium (NPK),
Nitrogen-Phosphorus (NP), Monoammonium Phosphate (MAP), and Triple superphosphate (TSP) that are produced and used in Iraq may contribute to a considerable increase of some heavy metals, such as Ca, Mg, S, P, Cr, Ni, Zn, N, Cu, Mo, and Co [43] , and Sr [44] . Additionally, the region of southern Iraq is well known for oil extraction activities and such activities can contribute to high sediment pollution of Pb, Cr, Cd, Co [45] , Pb, V [46] , and Br [47] .
Statistical analysis a-Principal Component Analysis
PCA technique was performed by VARIMAX rotation. VARIMAX rotation was employed because orthogonal rotation minimizes the number of variables with a high loading on each component and therefore facilitates the interpretation of PCA results [48] . This technique clusters variables into groups such that variables belonging to one group are highly correlated with one another and assumes that highly correlated compounds come from the same source [49] . Eigen values in PCA indicate the significance of the components. The component with the highest
Eigen value is taken to be the most significant. Eigen values should be ≥1 for proper consideration during PCA [50] . 94.77% of the data variation ( natural sources. Zn, Fe, Ni, Cu, Co, and Se can result from agriculture activities and wastes from oil extraction, whereas Al, K, Ti, and Zr can be derived from natural deposits. PC2, which has strong factor loadings of Mg (0.94), Cr (0.86), Mn (0.77) and Si (0.79), accounts for 28.02% of the variance. Si originates from erosion of crustal material, while Mg, Cr, and Mn can be considered of anthropogenic origin being derived from agriculture runoff from farmland. PC3, which has strong factor loading of Br (0.96), Cd (0.80), Cl (0.79), and moderate factor loading of N (0.73) and TOC% (0.58) and accounts for 15.44% of the variance, can be considered to represent anthropogenic sources. Fertilizers, human sewage and livestock manure are known to be a significant source of these elements [51] . PC4 has a strong factor loading of Pb (0.97) and moderate loading of Co (0.72), V (0.61), and As (0.60) accounts for 15.23% of the variance. Elements in PC4 have the same source, which are fertilizers and waste from oil extraction processes.
[ ( F i g . _ 2 ) T D $ F I G ] or shorter distances between them are more similar to each other than clusters with larger or longer distances between [52] . Here, cluster R2 has the shortest distance (6.98) and highest similarity to cluster R1, whereas cluster R3 is the least similar and has the greatest distance to R1 (19.33) (Fig. 2) .
Elements clustering in R1 (Mg, Al, Si, Cr, Mn, K, Ti, and Zr) that dominate in the PC2 indicate natural and anthropogenic sources. Al, Si, Ti, K, and Zr are lithophile elements according to Goldschmidt's classification of geochemical elements [53] .
Lithophile elements are those showing an affinity for silicate phases and are concentrated in the silicate portion (crust and mantle) of the Earth [53] .
Concentration results of Mg, Cr, and Mn show pollution of Al-Hammar Marsh sediments by these elements, which may come from fertilizers that are known to be a significant source of these elements [43, 44, 51, 54] . V, Fe, Ni, Cu, Co, Zn, Se, As, and Mo clustered in R2 (dominating in the PC1 and PC4) are indicative of anthropogenic sources (i.e., agricultural and petroleum production activities), which the Environmental Protection Agency reported as sources of contaminants [55] , along with [56] who referred to some of these trace metals being released from fertilizers and from oil refineries. P, TOC%, N, Cl, Cd, and Br clustered in R3 (dominating in the PC3) can result from agricultural sources according to [57] .
Nitrate-N, ammonium-N, phosphate-P, and C are the most common contaminants derived from unregulated animal waste disposal practices. These four chemicals are usually found at concentrations ranging from 1,000 to 50,000 mg/kg (elemental form) in animal wastes [58] . Cd and Br can also be from agricultural sources [44] . Elements in R4 (i.e., S, Ca, Sr, and U) are mainly of anthropogenic origin.
Fertilizers can be a source for S, Ca [43, 59] , Sr, and U [44] . [ ( F i g . _ 5 ) T D $ F I G ] (Table 7 and Fig. 4) , and all heavy metals detected in plant samples were much greater than those detected in water samples at same sampling stations; however, all were below the permissible limits.
Fish analysis
Fish are often used to study their body burdens and the transfer of pollutants in the food web [61] . They can be good indicators of the bioaccumulation resulting from the contamination of the environment [61] . In the present study, fifteen fish samples of three fish species were analyzed for their heavy metals content. This study was carried out to evaluate the effect of water and sediment pollution on fish living in Al-Hammar Marsh water. Results show that mean concentrations of heavy metals was in the order of Fe > Mn > Zn > Ni > Cu > Pb > Co > Cd > Cr > Hg (Table 8 and Fig. 5 ), and the concentrations of heavy metals were several times higher than their concentrations in water samples; this is a clear indication of bioaccumulation of heavy metals in fish tissues. It appears that Co, Cr, Cu, Fe, and
Hg concentrate in Carassius carassius more than Tilapia zilli and Liza Abu, while Cd, Mn, Ni, Pb and Zn concentrate in Liza Abu more than Carassius carassius, and Tilapia zilli. The heavy metals analysis of fish samples shows that Cd and Co levels exceeded permissible limits in some fish samples, while Mn, Ni, and Pb concentrations were above the permissible limits in all fish species (Table 8 ).
Conclusions
1-Decreasing of Tigris and Euphrates discharges during the past decades due to drought conditions and upstream damming, as well as the increasing stress of wastewater effluents from agricultural, residential, and industrial (mainly oil extraction) activities, led to degradation of the downstream Al-Hammar Marsh water quality in terms of physical, chemical, and biological properties. As such properties were found to consistently exceed the historical objectives as well as WHO objectives.
2-The Marsh works as a natural filtration and bioremediation system, as nearly all observed major ions and heavy metals in water showed a distinct decreasing trend at the marsh outlet station compared to other stations. Funding statement
